Whole-exome sequencing (WES) has become the strategy of choice to identify causal variants in monogenic disorders. However, the list of candidate variants can be quite large, including false positives generated by sequencing errors. To reduce this list of candidate variants to the most relevant ones, a cost-effective strategy would be to focus on regions of linkage identified through linkage analysis conducted with common polymorphisms present in WES data. However, the non-uniform exon coverage of the genome and the lack of knowledge on the power of this strategy have largely precluded its use so far. To compare the performance of linkage analysis conducted with WES and SNP chip data in different situations, we performed simulations on two pedigree structures with, respectively, a dominant and a recessive trait segregating. We found that the performance of the two sets of markers at excluding regions of the genome were very similar, and there was no real gain at using SNP chip data compared with using the common SNPs extracted from WES data. When analyzing the real WES data available for these two pedigrees, we found that the linkage information derived from the WES common polymorphisms was able to reduce by half the list of candidate variants identified by a simple filtering approach. Conducting linkage analysis with WES data available on pedigrees and excluding among the candidate variants those that fall in excluded linkage regions is thus a powerful and costeffective strategy to reduce the number of false-positive candidate variants.
INTRODUCTION
Identification of causal variants in Mendelian disorders was previously performed by positional cloning whose first step was gene mapping through linkage analysis conducted with DNA chips. The progress of high-throughput sequencing led geneticists to directly perform wholeexome sequencing (WES) for the identification of candidate variants, especially for families with limited linkage informativity. Indeed, the limited number of rare variants with a predicted effect on the protein (estimated between 130 and 400 non-synonymous sites per individual 1 ) allows to reduce the number of rare candidate variants using a simple filtering approach based on variant frequency in reference samples, predicted effect on the protein and inheritance of the disease. 2 Nevertheless, this number can be quite large and include a number of false-positive candidate variants. First, numerous false calls are generated during the variant calling step, especially for rare variants 3 and near insertions or deletions, 4 and some of them segregate with the disease by chance. Second, variants reported as absent or rare in reference samples can be common in the population of the studied family; when present in all the affected members of a family in which founders are unavailable, such variants would be retained although they might be inherited from distinct ancestors and not consistent with the inheritance pattern. Third, it is sometimes necessary to keep variants with incomplete genotype information for some individuals due to coverage or quality limitations. Finally, when studying a family with unavailable parents under a recessive compound heterozygous model, WES filtering can select two variants that are on the same haplotype and that are thus not consistent with the recessive model.
It is essential to minimize the number of candidate variants to reduce the heaviness of the Sanger sequencing validation step. For this reason, many studies have combined WES filtering with a multipoint linkage analysis performed with microsatellites or SNP chip data. Multipoint linkage analysis, under a model with complete penetrance and no phenocopy, can identify regions of the genome where all cases share one haplotype identical-by-descent (IBD) for a dominant disease or two haplotypes IBD for a recessive disease. When individuals affected by a recessive disease are inbred, homozygosity mapping 5 will identify homozygous regions of the genome where all cases share twice the same haplotype IBD. The use of linkage analysis LOD scores, which summarize the concordance between IBD information and a specified disease model, can thus help to eliminate false-positive candidate variants described above. In addition, when the causal variant is not captured, linkage data suggest regions of interest that can be targeted in follow-up studies.
Although this approach combining WES and DNA chip linkage analysis is therefore of great interest to minimize the number of candidate variants, it has, however, a significant cost burden. Performing linkage analysis directly with polymorphisms extracted from WES data is an attractive strategy to reduce this cost. However, because of the small proportion of the genome sequenced in WES, the size of the gaps between sequenced regions, and the high amount of 1 linkage disequilibrium (LD) observed within exons, these data might not be suitable for the Lander-Green multipoint algorithm 6 implemented in the present linkage analysis software.
We aimed to compare the performance of linkage analysis conducted with WES and DNA chips genotyping data and then test the benefit of this combined linkage/WES filtering approach. We compared first by simulation and then application to real data, linkage analyses conducted with WES genotype data and with SNP chip data on two families segregating an autosomal-dominant and an autosomal-recessive disorder. We then used Sanger sequencing to test the benefit of this combined approach in reducing the number of false-positive variants.
MATERIALS AND METHODS

Simulation study
Performance of linkage analysis conducted with various WES genotype and/or SNP chip data sets was first evaluated by simulation. Two families were studied ( Figure 1 ): one with a dominant disease (Family A), and one inbred with a recessive disease (Family B). Simulation of genotype data was conducted by randomly assigning one of European (EUR) haplotypes from 1000 Genomes (1000G) panel 1, 7 to each family founder and by simulating Mendelian inheritance along the pedigree. A reference LOD score was then computed and compared with the ones obtained by linkage analyses performed with the markers of the Affymetrix 250K SNP chip and with the common polymorphisms present in WES data. The simulation study workflow is summarized in Supplementary Figure S1 .
SNP chip and WES genotype data sets used for simulations. To have realistic genome patterns, we downloaded 758 EUR 1000G autosomal haplotypes obtained by phasing the whole chromosomes of 379 unrelated EUR individuals with SHAPEIT2. 8 We then extracted subsets of markers corresponding to different map designs. First, to reproduce SNP chip genotyping, we kept the 248 290 markers present in the Affymetrix 250K chip. Second, to mimic the common polymorphisms present in WES data, we selected the 71 206 variants referenced in the exome variant server (EVS) database that have a minor allele frequency (MAF) ≥ 5% in EUR of 1000G. We thus used haplotypes with a total of 318 609 markers.
To simulate a family replicate, these haplotypes were randomly drawn without replacement for each chromosome and were assigned to pedigree founders. Then the recombination process along each chromosome and Mendelian inheritance were simulated with Genedrop program of MORGAN version 2.9 (http://www. stat.washington.edu/thompson/Genepi/MORGAN). As our goal was to study the genome-wide linkage accuracy and not the power to find the causal variant, Mendelian inheritance was simulated unconditionally to a trait. For each family, 100 replicates were simulated, each replicate consisting for three data sets. The first one, labeled reference data set, was constituted of Genedrop founder labels at all the 318 609 markers (Supplementary Figure S1) for all the pedigree founders and the 3 affected individuals. These founder labels allowed us to exactly know the inheritance vector inside the pedigree and to create markers fully informative for linkage analysis. The SNP chip data set consisted for the genotype data for the 248 290 markers present in the Affymetrix 250K chip for the three affected individuals. Finally, the WES genotype data set consisted for the genotype data for the 71 206 common polymorphisms presented in WES data for the 3 affected individuals.
To mimic realistic WES genotype data, markers with homozygous genotypes for the reference alleles for all three individuals of a family were removed from the WES genotype data set, as variant calling algorithms only report genetic positions with at least one variant different from the reference allele. For Family A, monomorphic markers were also removed from SNP chip and WES genotype data sets, as they are non-informative (NI) for the study of dominant diseases. The remaining numbers of markers in SNP chip and WES simulated data sets are available in Supplementary Table S1 , which also confirms the nonuniform coverage of the genome by WES data.
Linkage analysis performance using simulated datasets. Linkage analyses were performed with Merlin software version 1.1.2 9 using allele frequencies from the EUR of 1000G. For Family A, the genetic model was set to autosomal dominant with complete penetrance and no phenocopy, and the disease allele frequency was set to 0.001. For Family B, the genetic model was set to autosomal recessive with complete penetrance and no phenocopy, and the disease allele frequency was set to 0.01. Two linkage analyses were performed on this family. First, Merlin was run on the pedigree with the inbreeding loop in order to perform homozygosity mapping. Second, in order to allow for allelic heterogeneity for the disease, only the nuclear pedigree (Family B-nuclear, Figure 1 ) was specified to Merlin. Note that breaking the inbreeding loop can be necessary when the homozygous-by-descent region is small, that is, when two crossovers occurred close to the causal variant.
For each replicate, linkage analysis was performed on the three different data sets described above. LOD score computed on the reference data set was designated as the reference (REF) LOD score, as all the markers of this data set are fully informative. After each linkage analysis, the genome was categorized into either linked, excluded or NI region. A region was arbitrarily considered as linked if the LOD scores were higher than a linkage threshold, which we rounded as ELOD -0.1, where ELOD is the expected LOD score at the disease locus. As ELOD is equal to 0.903, 2.709 and 1.204 for Families A, B and B-nuclear, respectively, the linkage thresholds were set to 0.8, 2.6 and 1.1, respectively. A region was considered as excluded if the LOD scores of its markers were o − 2, as originally recommended. 10 Finally, a region was considered as NI if the LOD scores of its markers lied between − 2 and the linkage threshold.
To evaluate the accuracy of linkage analysis performed with SNP chip and WES genotype data sets, we created a 3x3 cross table comparing the cumulated lengths in cM of their three different linkage regions (linked, excluded and NI) with those obtained with the REF LOD score. A region was labeled as false positive if it was excluded in the reference data set but linked in SNP chip or WES genotype data sets.
Minimizing false-positive signals due to LD. In order to minimize LD present in the data while retaining a set of markers dense enough to be informative, we compared linkage analysis performance when selecting one SNP every 10, 25, 50, 100 and 250 kb with the FSuite software. 11 
Application study
To analyze the putative benefits of adding a linkage analysis performed with WES genotyping data to the WES filtering step to reduce the number of bona fide candidate variants, we used 'real' SNP chip and WES data obtained in Families A and B combined with Sanger sequencing of all candidate variants identified at the filtering step.
Genotyping data. Genomic DNA from Families A and B and consenting relatives was extracted from peripheral blood leukocytes according to standard procedures. Genotyping was performed with the Affymetrix GeneChip Human Mapping EA 250 K Array (Affymetrix, Santa Clara, CA, USA), as previously described. 12 Exome sequencing was also performed as previously described. 12 Briefly, Agilent SureSelect Human All Exon Kit V4+UTRs were used for Family A and V4 for Family B. Each genomic DNA fragment was then sequenced on a sequencer as 75-bp paired-end reads (Illumina HISEQ, Illumina, San Diego, CA, USA). Image analysis and base calling were performed with Real Time Analysis Pipeline v.1.8 with default parameters (Illumina). The bioinformatic analysis of sequencing data was based on the CASAVA v.1.8 Illumina pipeline. CASAVA performs alignment against the human reference genome (hg19, UCSC Genome Browser), calls the SNPs on the basis of the allele calls and read depth and detects variants (SNPs and indels). Genetic-variation annotation was performed by an in-house pipeline (IntegraGen, Evry, France), and results were provided per sample in tabulated text files.
Linkage analysis. All data handling was performed with the graphical user interface Alohomora. 13 We verified sample genders with the CheckGender procedure of the package. Alohomora was used to remove rare variants from WES data (MAFo0.05), to select markers according to their physical positions to minimize LD between markers, and to format data for the Merlin software. Genetic models were the same as those of our simulations. Merlin was run twice on each data set: first to detect unlikely genotypes and to remove them through the program Pedwipe (Merlin package), and second to compute the LOD scores. Linkage analysis with WES data was performed only with variants with a high variant calling quality in each individual. Linkage analyses were computed with European allele frequencies and DeCode genetic map furnished by Affymetrix.
Candidate variant detection. Candidate variant detection was performed with a Perl script and the genetic-variation-annotation files. Variant filtering was based on annotation information (missense, nonsense, splice-site and indel frameshifts), consistency with the inheritance of the disease model, and reference allele frequencies of three reference samples: EUR of 1000G, European American of EVS database, and 96 control individuals of IntegraGen database (Supplementary Figures S2 and S3) . For Family B, we considered homozygous variants, and compound heterozygotes (ie, genes with at least two heterozygous variants for each affected individuals). Note that, to be less sensitive to sequencing coverage and alignment accuracy, we allowed genotypes with a low alignment confidence or not covered by the sequencing. All candidate variants have been re-sequenced by PCR and traditional Sanger method. 14 
RESULTS
Performance of linkage analyses conducted with simulated SNP chip and WES genotype data sets
We first evaluated the impact of LD on false-positive evidence of linkage, using sets of markers separated by variable physical distances (Figure 2 ). Cross tables obtained with all informative markers and after removing markers are shown in Supplementary Table S2 and  Table 1 , respectively.
The top row of Figure 2 shows the amount of NI genome, that is, the genetic length of genome with a LOD score between − 2 and the linkage threshold, and the second row shows the amount of falsepositive genome, that is, the genetic length of genome with a LOD score higher than the linkage threshold but with a REF LOD score o − 2. Whatever the genotyping strategy and the family, selecting one marker every 25 kb significantly decreased the amount of false-positive signals while retaining a set of markers dense enough to be informative. Bins longer than 25 kb did not further decrease significantly the amount of false-positive signals but increased the proportion of NI genome. More detailed results in terms of number of markers, false negative, true positive and true negative amounts of genome are presented in Supplementary Figure S4 . Interestingly, we observed that increasing marker density also increased the proportion Linkage analysis with whole-exome sequencing data S Gazal et al of false-negative signals in Family A, that is, regions with a LOD score o − 2 while the REF LOD score is higher than the linkage threshold. We looked at several of these regions with a false-negative signal and observed that they were due to a double recombination on the haplotype of the individual A3 (Supplementary Figure S5) . Indeed, as haplotype frequencies are poorly estimated in the presence of LD (because they are estimated by multiplying allele frequencies together), Merlin gave a higher likelihood to observe a haplotype coming from another ancestor rather than a double recombinant.
Linkage analysis performed using the WES genotype data set, even though genome coverage was not uniform, excluded a high proportion of the genome (around 2/3 and more than 3/4 for Families A and B, respectively), while keeping a low amount of false-positive and falsenegative signals ( (Table 2) , and few regions showed discordant results, that is, linked with one type of data and excluded with the other. There was no discordant region for Family B. For Families A and B-nuclear, cumulated lengths of 2.41 and 3.22 cM were, respectively, discordant, that is, o0.1% of the genome. Finally, note that the genetic lengths of linked, excluded and NI regions were in the same range as those observed in the simulated data sets (Table 1) .
Combination of linkage and WES data reduced significantly the number of candidate variants in Families A and B WES data filtering (Supplementary Figures S2 and S3 ) identified a total of 25 candidate variants, including 9, 7 and 9 variants for Families A, B and B-nuclear, respectively (Table 3 and Supplementary Table S3) . Variants of Family B-nuclear included the seven homozygous candidate variants of Family B, and two variants (B8 and B9) of the same gene with heterozygous genotypes.
LOD scores around the 25 candidate variants with both genotyping strategies are shown in Supplementary Table S3 . Linkage analysis conducted with WES genotypes excluded 13 of the 25 candidate variants. Linkage analysis conducted with SNP chip data excluded 15 variants, including the 13 previous ones plus variants A7 of Family A and B2 of Family B-nuclear.
Sanger sequencing of all candidate variants allowed us to confirm 8 of the candidate variants and to exclude 14 of them (Table 3 and  Supplementary Table S3) . For three INDELs, the quality of sequence was not good enough to be conclusive. None of the variants located in excluded regions using either SNP chip or WES genotype data was validated by Sanger sequencing, except for the two heterozygous B8 and B9 variants of Family B-nuclear that were shown to be on the same haplotype. Indeed, as Merlin proposes outputs of the haplotype reconstruction, we have been able to observe that the three affected Figure S6) . This confirmed that these two variants were on the same haplotype, which was not consistent with a recessive model. Finally, the two variants A7 and B2, which were only excluded by linkage analysis conducted with SNP chip data, were not validated by Sanger sequencing.
DISCUSSION
Herein we used simulated and real genotyping data obtained in two small families to investigate the performances of SNP chip and WES genotype data for linkage analysis. We then analyzed the power of combined linkage and WES to reduce the number of candidate variants in these two families. We showed that performance of linkage analyses conducted with either SNP chip or WES genotype data sets was very similar, providing that one marker per 25 kb was selected to minimize LD while retaining a set of markers dense enough to be informative. Using these guidelines with real WES data allowed us to roughly decrease by half the number of candidate variants in the two families. Sanger sequencing proved that candidate variants located in excluded regions were sequencing errors or inconsistent with the disease model. Altogether, these data strongly suggest that linkage analysis conducted with WES genotypes is an accurate and costeffective strategy to reduce the number of candidate variants in small family WES studies. Finally, it is important to emphasize that excluding candidate variants located in regions showing a LODo − 2 is a safer strategy than keeping the ones in linkage peaks. Linkage analysis can be performed independently on each variant (two-point linkage analysis) or by taking into account all markers at the same time to reconstruct haplotypes of each individual (multipoint linkage analysis). As numerous false rare variants are generated during the WES data calling step, 3 we advice to avoid two-point linkage analysis that will give a high LOD score to a false rare variant segregating with the disease by chance. One of the advantages of our strategy is to use multipoint linkage analysis with common polymorphisms surrounding rare variants to remove these false positives. However, LD present in dense data is known to lead multipoint linkage analysis to false-positive evidence of linkage. This result is due to an incorrect estimation of haplotype frequencies by the linkage software that estimate them by multiplying allele frequencies together. A large number of studies have thus proposed different strategies to remove LD of the data based on r 2 or D' calculation [15] [16] [17] [18] [19] [20] or to model LD by clustering markers to estimate haplotype frequencies. 21 When dealing with small families (as in the present case), a reference population sample is thus needed to compute these LD statistics. As such a sample might be unavailable or difficult to obtain, we proposed to remove markers based on physical length bins. Our simulation study highlighted a 25-kb bin. This result was quite surprising at first glance as this bin still exhibits LD between markers, and other studies often use a bin size between 250 and 500 kb (or 0.25 and 0.5 cM) to remove LD. However, a 25-kb bin appeared to be sufficient to significantly decrease the amount of false-positive signals while keeping the data as informative as possible. Note that the choice of bins in physical distance, rather than genetic distance, was driven by the fact that the Alohomora software, which is widely used and that we used in our application, only permits to select markers according to their physical distances. Nevertheless, we observed similar results when we selected markers according to their genetic positions (data not shown).
It is now accepted that linkage analysis is emerging again as an important tool for the identification of causal variants using sequencing data. 22, 23 However, to our knowledge, our paper is the first methodological one proving the robustness of linkage analysis performed on WES genotype data. Although application of linkage analysis, or IBD detection, directly on WES genotype data has already successfully reduced the search space of the causative disease gene in a few studies, [24] [25] [26] [27] the conditions of validity of this strategy still remained uncertain. Smith et al. 28 showed that there was good graphical agreement of linkage peaks obtained with SNP chip and WES genotype data for three small families with only one inbred or two outbred individuals sequenced, but they did not look at the agreement of excluded regions and were not able to quantify the amounts of false-positive and falsenegative regions of both genotyping strategies. Here, our simulation process enabled us to show that these two values were close to 0 and prove the robustness of the linkage results.
Altogether, we showed that linkage conducted with WES genotype data is accurate and cost effective. This genome-wide approach combining linkage with WES genotype data and WES variant filtering linkage would also be of major interest when analyzing multiple small pedigrees in which genetic heterogeneity is suspected. Finally, note that this approach can also be used with whole-genome sequencing data. Linkage analysis with whole-exome sequencing data S Gazal et al
